PTEP 2018, 113D01 K. Itonaga et al. (3) The new baryon-baryon-meson coupling constants from the ESC08c model [32, 33] are employed for strong vertices in the weak decay diagrams.
As the second purpose of this paper, we clarify the roles of the various meson exchanges as well as the pomeron exchange and evaluate their contributions to the NM weak potentials and the weak decay observables. In addition, we will analyze the decay characteristics of the non-mesonic weak decays by investigating the six decay channels starting from the initial N relative S-state.
In Sect. 2, the formulas of the non-mesonic weak decay rate and the asymmetry parameter are given. The weak decay transition potentials for N → NN are constructed in the extended meson exchange model in Sect. 3 . Calculated non-mesonic weak decay potentials are presented in Sect. 4. In Sect. 4.1, the initial hypernuclear states and final nuclear and outgoing two-nucleon states are described. In Sect. 4.2, the weak decay potentials of six decay channels are displayed to see the roles of each meson-exchange potential. Then the potential properties based on the pseudoscalar and vector meson exchanges are discussed in Sect. 4.3, and those based on the scalar and axial-vector mesons and pomeron exchanges are discussed in Sect. 4.4. In Sect. 5 the calculated weak decay observables are shown and compared with the experimental data. Calculations are carried out step by step by adding the meson exchange potentials successively to elucidate the effects of potentials on the decay observables. These matters are presented through Sects. 5.1-5.3. Also, the relation between the model by Chumillas et al. [23] and our present model is discussed in Sect. 5.4. Finally, a summary and conclusions are given in Sect. 6 . In Appendix A the expression for the NM decay rate 1 is given. The definitions of meson-decay coupling interactions are described in Appendix B.
Formulas for non-mesonic weak decay rates and asymmetry parameter
The hypernucleus, as a strongly interacting system of nucleons and hyperon(s) with strangeness, finally decays through the weak non-leptonic process of either the mesonic mode or the non-mesonic mode, leaving a non-strange residual nucleus.
In this paper we confine ourselves to study the one-nucleon-induced non-mesonic decays such as p → np and n → nn. Formulas for the non-mesonic decay rates and the asymmetry parameter have been presented in the previous papers [10, 26] , but a brief recapitulation of these expressions would be appropriate for later discussions.
The hypernuclear non-mesonic decay rate nm is evaluated by using the unpolarized density matrix ρ unpol as follows:
where T is the transition matrix from the initial hypernuclear state (J H , T H ) to the final residual nuclear plus outgoing two-nucleon state. Thus the non-mesonic weak decay rate is given by summing all the final states of the process A Z (J H , T H ) → A−2 Z (J 1 , T 1 ) + N + N as Here, V nm (i, k) is the N → NN weak decay interaction. P x signifies an exchange operator for the outgoing two nucleon radial vectors. The relative and the center-of-mass radial vectors and the corresponding momenta are defined, respectively, as r = r 1 − r 2 , R = r 1 + r 2 
The energy conservation δ-function is expressed as
where E x denotes the internal excitation energy of the residual nucleus, and its recoil energy is taken into account with its mass M A−2 = (A − 2)M N being used for simplicity. ε N and ε are the binding energies of a nucleon and a in the initial state, respectively. The expression for nm in the shell model basis is given in Eq. (2.9) of Ref. [10] or Eq. (30) of Ref. [25] . nm is composed of the proton-stimulated decay rate p ( p → np) (ν N = −1/2 for the proton) and the neutron-stimulated one n ( n → nn) (ν N = +1/2 for the neutron) as nm = p + n .
If the hypernuclei are polarized at the initial stage, the emitted protons (neutrons) in the nonmesonic decays show asymmetric angular distribution with respect to the plane perpendicular to the polarization axis. This is characteristic to the weak process in which interference between the parity-conserving and parity-violating amplitudes takes place. In the case where the initial hypernuclear states have pure vector polarization P H = P H n, with n being the polarization direction, the hypernuclear ensemble is expressed in terms of a density matrix ρ pol as [35, 36] 
where J H is the hypernuclear spin. The angular distribution of decay protons is calculated by fixing the directionk p of the proton as [37] d (J H T H , P H →k p , ν p ) d k p = Tr (T ρ pol T † ) = 0 + 1 P H cos θ p = 0 (1 + α 1 P H cos θ p )
with The angle θ p of the emitted proton is measured from the polarization direction n as defined by cos θ p = (n ·k p ). α 1 is the asymmetry parameter of the emitted proton angular distribution for the hypernuclear spin J H . 0 is related to p ( p → np) as 0 = p /4π. Hereafter we use the notation k 2 = k p for the outgoing proton momentum and k 1 for the outgoing neutron one, corresponding to the two-body process of + p → n + p. The momentum vectors are depicted in Fig. 1 in the proton helicity frame. 1 in Eq. (9) is expressed as [10, 26] 
In evaluating 1 of Eq. (11), we choose
for the three independent integral variables [38] , and the following notations are used: 
When the shell model wave functions are adopted for the initial hypernuclear and final nuclear states, and when the weak decays take place from the -proton (nucleon) relative S-state, the detailed expression of 1 is obtained as given in Appendix A. In Eq. (A.1), the Block-Dalitz notations [39] for the p → np transition amplitudes, a, b, c, d, e, and f , are introduced conventionally, which express the possible non-mesonic decay channel transitions, respectively. Also, for convenience of later discussions, we give here the "channel numbers" Ch.1-6 to these channels as follows:
The two-body amplitudes are defined as
As mentioned above, the asymmetry parameter α 1 of the emitted protons in Eq. (10) is defined for the polarized hypernuclei with spin J H and polarization P H . However, one often discusses thepolarization P and the asymmetry parameter α for the polarized hyperon in the nuclear medium. For comparison we note the following relations when the hypernuclear state is well described in the weak coupling model of in the s 1/2 state and the core-nucleus state of J c . The asymmetry is written as
and the relation holds well in the weak coupling model as
Then it follows from Eq. (23) that
The quantity α is referred to as the intrinsic asymmetry parameter for the polarized hyperon in the hypernucleus having spin J H . The intrinsic α should be compared to the asymmetry parameter α elem for the elementary process + p → n + p in free space, when the hyperon is polarized. We quote here α elem in terms of Block-Dalitz amplitudes {a, b, . . . , f } when the initial -proton is assumed to be in a relative S-state [10] : 
Meson exchange model to construct N → NN weak decay potentials
The weak decay potentials for the transition N → NN ( S = 1) are constructed in the meson exchange model. The following guiding principles are adopted in devising the potentials.
(1) Meson exchanges are considered as completely in quantum numbers as possible. For those mesons we include:
(2) Non-strange mesons and strange mesons are considered on an equal footing.
(3) Pomeron (pom) (J PC = 0 ++ ) P exchange is included. (4) For the coupling constants of the baryon-baryon-meson strong vertices we adopt those of the Nijmegen ESC08c model in the recent 2016 version [32, 33] . (5) For the coupling constants of the baryon-baryon-meson weak vertices we accept the empirical values of N π and N π weak vertices, and also, for the other vertices, the theoretical ones from the work of Parreño et al. in Ref. [21] . (6) When the meson-meson-meson coupling constants are needed in constructing our model, we use the empirical value if it is known or we determine them by imposing the constraints on our potential model as described later. (7) The I = 1/2 rule is assumed for the weak baryon-baryon-meson coupling Hamiltonians.
Correspondingly, here we extend our basic framework [10, 26] to include new processes of meson exchanges such as K * , κ, and K 1 , and the pomeron exchange as well. Two types of meson exchange potentials between and N are introduced. The first type is the ordinary one-meson exchange potentials such as V π , V K , V K * , and V ω , corresponding to π, K, K * , and ω exchange, respectively. The second one (we call thisY-type) is the correlated two-meson/meson exchange potentials in which the two mesons are correlated and coupled to one meson with specified quantum numbers in the intermediate state. In other words, one meson is dissociated into two mesons in the intermediate state during the interaction process between and N . In this way the ρ, σ , κ, a 1 , and K 1 meson exchanges can be treated systematically, and these Y-type processes are called in our paper as exchanges of 2π/ρ, 2π/σ , Kπ/κ, (ρπ/a 1 , σ π/a 1 ), and K * π/K 1 , respectively. Thus we designate V 2π/ρ , V 2π/σ , V Kπ/κ , (V ρπ/a 1 , V σ π/a 1 ), and V K * π/K 1 as these meson exchange potentials. The pomeron exchange is treated similarly as the 2π/P exchange, and the potential is denoted as V 2π/P . We briefly comment here on the pomeron coupling to mesons and baryons. Besides meson exchange, pomeron exchange is needed to understand the high energy dependence ( √ s) of all hadronic cross sections such as π ± p, pN ,pN , etc. A low-energy extrapolation of pomeron exchange in π N and NN scattering leading to the pomeron-nucleon and pomeron-pion coupling has been used in the Nijmegen soft-core models [31, 40] . This is also applied in this paper. From the point of view of chiral symmetry in πN scattering, the cancellation between sigma and pomeron exchange is important in order to have a small I = 0 scattering length. Therefore, next to 2π/σ , 2π/P exchange weak decay graphs are also included in our work.
As a typical example, the Kπ/κ exchange consists of four kinds of Y-type Feynman diagrams as shown in Fig. 2 
In Fig. 3 we show the Feynman diagrams of K * π/K 1 exchange. Corresponding to the diagrams (a1)+(a2), (b), and (c) in Fig. 3 , the potentials of V K * π/K 1 (A) , V K * π/K 1 (B) , V K * π/K 1 (C) are calculated, respectively. The potential V K * π/K 1 represents
For the correlated two-meson/meson exchange potentials, the loop integrals have to be performed for the loop momentum. One faces three kinds of loop integrals:
(1) For scalar meson exchanges such as 2π/σ and Kπ/κ, and also for the 2π/P exchange, the loop integrals do not diverge. (2) For a vector meson exchange such as 2π/ρ and for the axial-vector meson exchange of σ π/a 1 , the loop integrals diverge since the integrands have forms like
where k is a loop momentum. For the first the k 0 -integration is performed and the threedimensional k-integration is left. In order to circumvent the divergence, we introduce a form 8 
where k is the three-momentum and 1 is the cutoff mass parameter. (1) For axial-vector meson exchanges such as ρπ/a 1 and K * π/K 1 , the loop integrals contain integrands like
and the integrals diverge. Similarly to the preceding case, the k 0 -integration is carried out first. Then, in order to regularize the k -integral, we introduce a form factor of the form
where k is the three-momentum and 2 is the cutoff mass parameter.
We use the vertex form factor (FF) to obtain the potentials. For the one-π exchange, we use a global FF of the monopole type as described in Ref. [25] . For other one-meson exchange potentials, double FFs such as 2 i q 2 + 2 i 2 are adopted, where q is the momentum transfer and i is the cutoff mass for the exchanged meson i. For the case of the correlated two-meson/meson exchange potentials like 2π/ρ, ρπ/a 1 , σ π/a 1 , and K * π/K 1 , we use the single-vertex FF 2 i q 2 + 2 i for the baryonbaryon-meson strong vertex [N -N -meson (non-strange) or -N -meson (strange)] part. This is because the correlated two-meson/meson exchange potentials involve the loop integral and contain the regularization FF, and such parts are supposed to act like a sort of vertex form factor. For the scalar meson exchanges such as 2π/σ and Kπ/κ, the "zero" form factor is considered [10, 26, 41] and the vertex FF takes the form
where U x is a mass parameter.
The actual types of the weak potentials depend on the exchanged mesons [10, 25, 26] . We show here the K * π/K 1 exchange potentials that correspond to the (a1)+(a2), (b), and (c) diagrams in Fig. 3 :
where a 0 , a 1 , b 0 , and b 1 are expressed in terms of the weak coupling constants of → N + π decays. Particle 1 refers to a hyperon. The parity-violating potentials are expressed as imaginary. It is noted that the K 1 exchange potentials have no simple isospin dependence except for V K * pi/K 1 (A) , i.e. the potentials have factors with a mixture of isoscalar and (τ 1 · τ 2 ) dependence. This is because the K 1 meson is an iso-doublet particle. 
Initial and final wave functions and calculated non-mesonic weak decay potentials 4.1. Initial hypernuclear states and final nuclear states
The hypernuclear ground state is well represented in the weak-coupling model of the nuclear shell model lowest state coupled with a hyperon in the s-state. For the hyperon state we use a solution of the density-dependent Hartree-Fock equation of the core-nucleus+ system. The wave function is expanded in the harmonic oscillator basis for further manipulation. The details are given in Refs. [10, 25] .
In evaluating the N → NN transition matrix element, we take into account the initial N -state correlation (called ISC) and the final NN -state correlation (FSC) properly. The ISC in the nuclear medium is treated by solving the Bethe-Goldstone equation for the N relative S-state with the use of Nijmegen model-D interaction [42, 43] . Then the initial state
for the S( = 0) wave. f S (r) is the correlation function for the S wave of spin S-state, and f 2 (r) is the induced D( = 2) wave for the initial 3 S 1 state. For the final outgoing two-nucleon states, the scattering states are solved by the Runge-Kutta method. For the NN 3 S 1 and 3 D 1 states in particular, the coupled channel equations due to the tensor interaction are solved. We use the Nijmegen model-D for the NN strong interaction [42, 43] . Thus the partial wave
The function ψ 0 S 2 J (k, r) denotes the scattering wave. The functions χ 2 (k, r) and χ 0 (k, r) are the induced D wave for the final 3 S 1 state and the induced S wave for the final 3 D 1 state, respectively, due to the tensor interaction. The coupled-channel solutions for the final two-nucleon relative wave functions for 3 S 1 and 3 D 1 , and their induced waves i 2 χ 2 and i 0 χ 0 , are shown for a typical momentum case (k = 370.0 MeV/c) in Fig. 7 of Bandō's paper [1] .
Behaviors obtained for weak decay transition potentials
The N → NN weak decay potentials are calculated based on the Feynman diagrams. It is characteristic that the strangeness-changing N → NN weak interaction allows both exchanges of non-strange mesons and strange mesons between and N . The adopted strong coupling constants of baryon-baryon-meson (BBM) and meson-meson-meson (MMM) vertices are summarized in Table 1 , which also lists meson masses, cutoff masses in the vertex form factors, and cutoff mass parameters in the regularization form factors. Table 2 presents the weak coupling constants of baryon-baryon-meson vertices. The BBM strong coupling constants are those determined in the 2016 version of the Nijmegen ESC08c model [32, 33] , and the weak coupling constants of NNK, NNK * , and N ω are taken from Ref. [21] . The cutoff mass i in the vertex FF for the K, K * , and ω exchange are taken from papers of Ueda et al. [44, 45] , while the other i are determined so that our FF simulates the Nijmegen FF PTEP 2018, 113D01 K. Itonaga et al. Table 1 . Strong coupling constants of baryon-baryon-meson and meson-meson-meson vertices, cutoff masses in the baryon-baryon-meson vertex FF, and cutoff mass parameters in the regularization FF employed in our potentials. The meson masses, cutoff masses, and cutoff mass parameters are given in MeV. The coupling constants marked with a * have signs opposite to the conventional ones due to the definition of our relevant Hamiltonians (see Appendix B).
Strong coupling constants

Meson
Mass BBM MMM Cutoff mass π 139.57 g NN π = 12.807 π = 920.0 g π = 9.391 K 493.67 g NK = −14.002
223.12 g NNP = 11.793 g ππP = −4280.0 MeV* [32, 33] approximately,
for q = 400-800 MeV/c, which is effective in the non-mesonic weak decay process. We take the value U x = 750 MeV from Refs. [32, 33] . The MMM coupling constants are determined as described below. The empirical value is adopted for g ππρ [46] , while g ππσ is the same as in Refs. [10, 26] . The coupling constant g σ πa 1 is determined by the relation g σ πa 1 = 2g NNa 1 , which comes if we consider an almost conserved axial current [26, 41] . The coupling constant g ρπa 1 and the cutoff mass parameter 2 (ρπ/a 1 ) for the ρπ/a 1 -exchange potential are determined as follows. We construct the strong NN potential version in the ρπ/a 1 -exchange model by replacing by N and replacing the weak N π vertex by the strong NN π one in the weak potential model. Then g ρπa 1 and 2 (ρπ/a 1 ) are determined so that our potential V strong ρπ/a 1 (NN -NN ) can simulate the strong potential V strong a 1 (NN -NN ) in the ESC08c model as well as possible, . Parity-conserving (PC) and parity-violating (PV) weak coupling constants. The weak coupling constants for the π decays of and hyperons are given in units of 10 −6 , while those for other mesons are given in units of G F m 2 π = 2.21 × 10 −7 . The weak coupling constants for NNK, NNK * , and N ω vertices are adopted from Ref. [21] . The masses are given in MeV.
Weak coupling constants Meson Mass
The values g K * π K 1 and 2 (K * π/K 1 ) are determined in a similar manner to the case of g ρπa 1 and 2 (ρπ/a 1 ). We take 2 (K * π/K 1 ) = 2 (ρπ/a 1 ) for simplicity. The cutoff mass parameter
where the right-hand side is the potential in the ESC08c model. The pomeron coupling constant g ππP is treated as an adjustable parameter so that the calculated non-mesonic decay rates and asymmetry parameter of 5 He reproduce the available data, in which particularly the experimental errors for α are small enough to be used as a good restriction on the theory. As a matter of course, we have paid attention to whether the strong V Fig. 9 . Consider, for instance, Fig. 4 for the
The panel (a) plots two lines of potentials: one is the potential V (Sum1) coming from the partial summation over the "pseudoscalar + vector" meson exchanges, and the other is the total potential V (SUM) including all mesons and pomeron exchange: SUM = Sum1 + "scalar + axial-vector" meson exchanges + pomeron exchange. For easy understanding we denote them as follows: A note is added for special channels. In Fig. 7 (a) of the ( 3 S 1 ) p → ( 3 D 1 ) np channel, V (SUM) does not include contributions from V 2π/σ , V Kπ/κ , and V 2π/P , and in Fig. 9 (a) of the
of Figs. 4-8 we show the divided potentials for the pseudoscalar and vector meson exchanges. Panel (c) shows the divided potentials for the scalar and axial-vector meson exchanges and the pomeron exchange. It is noted that in Fig. 7 (c) for the tensor interaction channel of ( 3 S 1 ) p → ( 3 D 1 ) np there is no contribution from the scalar meson and pomeron exchanges. In Fig. 9 , panel (b) shows the divided contributions of the pseudoscalar and scalar meson exchanges and the pomeron exchange. Potentials of vector meson (K * , ω) exchanges do not contribute to this channel. Potentials of other correlated two-meson/meson exchanges of vector and axial-vector mesons are not shown, because they are very small.
Potential properties based on exchanges of pseudoscalar and vector mesons
The characteristic features found in the calculated potentials are summarized as follows. The parityconserving (PC) central interaction potentials are shown in Fig. 4 
The potential V π shows remarkable behavior, almost completely opposite in sign to that of the potential V K , and these two potentials tend to cancel out in both channels, Ch.1 and Ch.3. Similarly, the V 2π/ρ potential also has notable behavior opposite in sign to that of the V K * potential in Ch.1 and Ch.3, though, particularly in Ch.3, V 2π/ρ is strong and positive at R 0.5 fm while V K * is weak and negative at R 0.6 fm. These features show the role of the non-strange meson (π , ρ) and strange meson (K, K * ) exchanges. The V ω potential is strong and negative. As a result, the potentials V (Sum1) in Ch.1 and Ch.3 turn out to be negative, as seen in Figs. 4(a) and 6(a). The PC tensor interaction potentials are shown in Fig. 7 
. The potential V π shows the characteristic behavior opposite in sign to the potential V K , though V π is rather stronger in strength than V K at all interaction ranges. V π is positive. Likewise, the two potentials V 2π/ρ and V K * show opposite behaviors, different in sign from each other, though V K * is a little stronger than V 2π/ρ . V K * is positive. Also, in the tensor interaction channel (Ch.4), one notices the clearly different contributions to the potentials from the non-strange meson (π, ρ) and the strange meson (K, K * ) exchanges. The V ω potential is weak and positive. As a result, the potential V (Sum1) in Ch.4 turns out to be positive, as seen in Fig. 7(a) .
The parity-violating (PV) potentials are shown in Fig. 5 Fig. 8(b) for the ( 3 S 1 ) p → ( 1 P 1 ) np channel (Ch.5), and Fig. 9 (b) for the ( 3 S 1 ) p → ( 3 P 1 ) np channel (Ch.6). In Ch.2 the two potentials V π and V K show opposite behavior in sign, while V 2π/ρ and V K * show the same sign behavior. The V ω potential is weak and positive. Then, the summed potential V (Sum1) in Ch.2 becomes negative due to the strong and negative sign behaviors of V K and V K * . The Ch.5 pseudoscalar and vector meson exchange potentials in Fig. 8(b) are interesting. All the potentials contribute in the same positive sign and thus work additively. Among them, the contributions of V π , V K * , and V 2π/ρ are important. Accordingly, the V (Sum1) potential is strong and positive, as seen in Fig. 8(a) . Ch.6 for the ( 3 S 1 ) p → ( 3 P 1 ) np transition is special. The one vector meson exchange potentials such as V K * and V ω do not contribute to this channel due to the kinematics for the matrix element on the i[(σ 1 × σ 2 ) ·r] operator. The pseudoscalar meson exchanges have major contributions. The potentials V π and V K work additively in negative sign. Although the V 2π/ρ potential has a (σ 1 ·r)-type potential in addition to the i[(σ 1 × σ 2 ) ·r]-type one [25] , its contribution is very small and is not shown in Fig. 9(b 
is the summed potential based on the (π +K +2π/ρ +K * +ω) meson exchanges, while V (SUM) is the total potential by summing, in addition to V (Sum1), all contributions from the other (2π/σ + Kπ/κ + ρπ/a 1 + σ π/a 1 + K * π/K 1 ) meson exchanges and the pomeron exchange (2π/P). (b) The transition potentials coming from the pseudoscalar mesons (π + K) and the vector mesons (2π/ρ + K * + ω). (c) The transition potentials coming from the scalar mesons (2π/σ +Kπ/κ), the axial-vector mesons (ρπ/a 1 +σ π/a 1 +K * π/K 1 ), and the pomeron 2π/P exchange.
Potential properties based on exchanges of scalar and axial-vector mesons and pomeron
In Ch.1 of Fig. 4(c) , the central potentials of V 2π/σ and V 2π/P work oppositely in sign. This might be interpreted that the effective scalar-isoscalar "σ " meson exchange potential should become weak 14 when one considers only the "σ " meson exchange with no pomeron exchange. We notice that the two potentials V 2π/σ and V Kπ/κ , having opposite signs, tend to diminish each other, and the V ρπ/a 1 + V σ π/a 1 and V K * π/K 1 potentials also behave in opposite signs. These features show again the role of the non-strange meson (σ , a 1 ) and strange meson (κ, K 1 ) exchanges. As a result, the net contribution from all the scalar and axial-vector meson exchanges and pomeron exchange in Ch.1 becomes weak and negative. This is clearly shown in Fig. 4(a) , where V (SUM) has only a slight variation from V (Sum1). Similar features are also found for the Ch. V 2π/P , V ρπ/a 1 , V σ π/a 1 , and V K * π/K 1 , as observed in Fig. 6(c) . However, note that the behavior of V Kπ/κ in Ch.3 is different from that in Ch.1, since the V Kπ/κ potential in Ch.3 is positive. This difference comes from the strong isospin dependence as c 0 + c 1 (τ 1 · τ 2 ) of the Kπ/κ exchange potential, where the isospin of the final NN is T NN = 0 for Ch.3, while T NN = 1 for Ch.1. Evidently the net contribution from the scalar and axial-vector meson and pomeron exchange potentials in Ch.3 becomes large and positive. As a result, the sign of the partial summed potential V (Sum1) has been changed in getting the total potential V (SUM), as shown in Fig. 6(a) . It is notable that 16 
is the summed potential based on the (π + K + 2π/ρ + K * + ω) meson exchanges, while V (SUM) is the total potential by summing V (Sum1) and the contributions of the axial-vector meson exchanges of (ρπ/a 1 + σ π/a 1 + K * π/K 1 ). (b) The transition potentials coming from the pseudoscalar mesons (π + K) and the vector mesons (2π/ρ + K * + ω). (c) The transition potentials coming from the axial-vector mesons (ρπ/a 1 + σ π/a 1 + K * π/K 1 ).
V (SUM) in Ch.3 is weakly positive and of short range. axial-vector meson exchanges turns out to be very small and negligible. This is reflected in Fig. 7(a) , where V (SUM) is almost unchanged from V (Sum1).
The PV potentials of the scalar and axial-vector meson exchanges and the pomeron exchange in Ch.2 and Ch.5 are very weak and short ranged, which is reflected in very small variations of V (SUM) from V (Sum1) in Fig. 5(a) and Fig. 8(a) . In Ch.6 of Fig. 9(b) , the potentials of the scalar meson exchanges such as V 2π/σ and V Kπ/κ show similar behavior and are positive at short range, and V 2π/P is seen to be positive. The net contribution of the scalar meson and pomeron exchange potentials 
is the summed potential based on the (π +K +2π/ρ) meson exchanges, while V (SUM) is the total potential by summing, in addition to V (Sum1), all contributions from the other (2π/σ + Kπ/κ + ρπ/a 1 + σ π/a 1 + K * π/K 1 ) meson exchanges and the pomeron exchange (2π/P). (b) The transition potentials coming from the pseudoscalar mesons (π + K), the scalar mesons (2π/σ , Kπ/κ), and the pomeron 2π/P exchange.
is positive at short range R 0.4 fm, which causes a visible change of V (SUM) from V (Sum1) at short range, as shown in Fig. 9 (a).
Estimates of non-mesonic weak decay rates and other observables 5.1. Calculated decay rates and comparison with experiments
We present the calculated results for the proton-stimulated decay rate p ( p → np), the neutronstimulated one n ( n → nn), the ratio n ( n → nn)/ p ( p → np), the total decay rate nm = p ( p → np) + n ( n → nn), and the asymmetry parameter α 1 (or α ) of the decay protons from the polarized hypernuclei. The intrinsic asymmetry parameter α from the polarized hyperon in the nuclear medium is mostly discussed here, as α is often quoted and shown in the literature [11, 26, [47] [48] [49] . Table 3 summarizes the calculated decay rates, p , n , nm , n / p , and the asymmetry parameter α for the typical hypernuclei of light s-and p-shell and medium-to-heavy mass systems. They are estimated on the basis of the weak decay potentials V (SUM) obtained for the six channels in the preceding section. The asymmetry parameter α 1 is calculated by Eq. (10), where 1 is evaluated by Eq. (A.1) with the restriction of allowing L 0 = 0 only since the higher L 0 ≥ 2 contributions to 1 are small. The intrinsic asymmetry parameter α is related to α 1 by Eq. (25) . The decay rates are given in units of the free decay rate (= 2.50 × 10 −15 GeV). In Table II of Ref. [10] we reported the theoretical estimates of non-mesonic decay observables within some limitation of meson exchanges, while in this paper Table 3 presents the updated results obtained within the more comprehensive framework of the newly extended meson exchange potential models. 19 Table 3 . Calculated decay rates, p , n , nm , and n / p ratios, and intrinsic asymmetry parameter α of s-and p-shell and medium-to-heavy hypernuclei. The weak decay potentials V (SUM) of Eq. (42) for six decay channels are employed. For p-shell hypernuclei, the results with the simple shell-model wave functions are listed in parentheses, while the configuration-mixed wave functions are employed in the other cases. Calculations of α are done with restriction of L 0 = 0 only. The decay rates are given in units of the free decay rate . See the text. The experimental data are summarized in Table 4 , which should be compared with the calculated results listed in Table 3 .
Analyses of the roles of various meson exchanges
Here we focus our attention on the particular roles of each meson exchange potential in getting the theoretical estimates of the non-mesonic decay rates and the decay asymmetry parameter α 1 (α ). First, in Table 5 we compare the calculations of 5 He with the experimental data. With the aim of understanding the asymmetry parameter α 1 (α ), the separate contributions to α 1 (α ) from the interference terms between the parity-conserving and the parity-violating amplitudes in 1 in Eq. (A.1) are shown respectively in Table 6 for 5 He.
We express 1 = A+B+C and the asymmetry parameter with the following symbolic expressions: Exp. [49] 0.07 ± 0.08 +0.08 −0.00
Exp. [47] 0.24 ± 0.22 Exp. [14] 0.342 ± 0.078** 0.58 ± 0.32 Chumillas et al. [23] 0.388 0.415 0.041 Note that in the calculations the transition amplitudes such as c
are modified owing to the initial N tensor correlation for the ( 3 S 1 ) N state and the final NN tensor correlations for the ( 3 S 1 ) NN and ( 3 D 1 ) NN states.
The calculations are carried out step by step by introducing the meson exchange potentials successively. We take four stages of calculations corresponding to four different combinations of the weak decay potentials. They are classified as stage I: V π only; stage II: potentials of the pseudoscalar and vector meson exchanges, which we denote as "(ps+vec)." Then stage III also contains the potentials of scalar meson exchanges and the pomeron exchanges, and in stage IV all contributions are added. Thus we discuss the calculated results following these four categories, noting that II and IV correspond to the potentials V (Sum1) and V (SUM), respectively, presented in the preceding section. IV : (ps+vec) + 2π/σ + Kπ/κ + 2π/P + ρπ/a 1 + σ π/a 1 + K * π/K 1 ←→ V (SUM).
First of all, the case of the one-π exchange potential only is shown in the second line in Table 5 . This case predicts a small n / p ratio and large negative α , which disagree with the data. This feature is well known and is understood in terms of the very strong tensor force of V π . In Table 6 , it is shown in the second line that the large α comes from the large C term for which Re
is negative due to the dominant contribution of Re(fd * ) being f < 0 and
It is noted that the amplitude d is expressed as
when the ISC for N in 3 S 1 and the FSC for NN in 3 D 1 are properly considered. In the case of the strong tensor force in V π , d ≈ d 0 ( 3 S 1 → 3 D 1 ) holds when the ISC is not large.
Next are the calculated results in stage II quoted as (ps+vec) = "π + K + 2π/ρ + K * + ω," which are shown in Tables 5 and 6. The decay rate nm and the ratio n / p are improved, but the α value is a little overestimated. The results are understandable from the decay potential of Table 6 .
The results obtained in stage III are shown in the fourth line in Tables 5 and 6 . The calculated observables nm , n / p , and α seem to be good compared with the data. This shows the special effect of adding the potentials of the scalar mesons and pomeron exchanges to V (Sum1) of the (ps+vec) exchanges. The "scalar-meson + pomeron" exchanges modify the central potentials of Ch.1 ( 1 S 0 → 1 S 0 ) and Ch.3 ( 3 S 1 → 3 S 1 ) in particular. The potential of Ch.1 becomes a little stronger than V (Sum1) with negative sign, while the potential of Ch.3 turns out to be positive in sign, which is different behavior from V (Sum1) in Ch.3. The difference between the potential in Ch.1 and that in Ch.3 is attributed to the different behavior of the V Kπ/κ potential for Ch.1 and Ch.3, as seen in Figs. 4(b) and 6(b), since V Kπ/κ has an isospin dependence of c 0 + c 1 (τ 1 · τ 2 ) and the isospin T NN = 1 for Ch.1 and T NN = 0 for Ch.3. The parity-violating potentials of Ch.6 ( 3 S 1 → 3 P 1 ) are modified at short ranges of R 0.6 fm, as seen in Fig. 9(b) .
The variation of the central potential in Ch.1 makes the transition amplitude a( 1 S 0 → 1 S 0 ) larger in negative sign, and then makes A ∼ "Re[−ae * ]" larger in positive sign, as seen in the fourth line in Table 6 . The variation of the central potential in Ch.3 changes the amplitudes c( 3 S 1 → 3 S 1 ) and d( 3 S 1 → 3 D 1 ) from those in case 3. The amplitude c is expressed as . Channel contributions to p ( p → np) and n ( n → nn) for 5 He estimated in stage IV, i.e. V (SUM). The decay rates are given in units of the free decay rate . 
In the present case, c 0 becomes positive and c 2 is also positive, resulting in c being positive and large. The amplitude d is expressed in Eq. (46), and
. d 0 is positive, while d 2 becomes negative since the induced 3 S 1 wave i 0 χ 0 (k, r) in the FSC is negative over the effective interaction range [1] , resulting in d being positive but not large. These features explain that C ∼ "Re[f ( √ 2c + d) * ]" is negative and large, and B ∼ "Re[b(c − √ 2d) * / √ 3]" is negative but small. Consequently α is reduced to a small value, as seen in the fourth line in Table 6 .
Finally, in stage IV, the calculations are performed with the potential V (SUM) of "all mesons and pomeron" exchanges, so that the potential V (SUM) in each decay channel shown in Figs. 4(a)-9(a) is adopted. The calculated values are listed in the fifth line in Tables 5 and 6 , and these final results should be compared with the experimental data. The potential V (SUM) includes the contributions from the axial-vector meson exchanges. However, the contributions of potentials from the axialvector meson exchanges in each channel are found to be small. Actually, V ρπ/a 1 + V σ π/a 1 for the non-strange meson a 1 exchange and V K * π/K 1 for the strange meson K 1 exchange tend to cancel each other out for the PC central and tensor-force channels, as seen in Figs. 4(c), 6(c), and 7(c). The PV potentials themselves of the a 1 and K 1 exchanges are very weak and negligible, as seen in Figs. 5(c) and 8(c). Thus the effect of the axial-vector meson exchanges on the total potential V (SUM) is not large and, therefore, the calculated values of the observables for stage IV of the "pseudoscalar + vector + scalar + axial-vector" mesons plus pomeron exchanges exhibit only small variations from those of stage III, the "pseudoscalar + vector + scalar" mesons plus pomeron exchanges. It is verified that the present model of "pseudoscalar + vector + scalar + axial-vector" mesons plus pomeron exchanges for the weak decay interaction can explain the experimental data well.
In Table 7 we show separate channel contributions to the proton-stimulated decay rate p ( p → np) and the neutron-stimulated one n ( n → nn). It can be seen in Table 7 that Ch.3 ( 3 S 1 → 3 S 1 ), Ch.5 ( 3 S 1 → 1 P 1 ), and Ch.6 ( 3 S 1 → 3 P 1 ) contribute dominantly to p , while Ch.6 ( 3 S 1 → 3 P 1 ) contributes to n to a large extent. Such a contribution of Ch.3 to p is understood by the amplitude
, which is big due to the c 2 term of the tensor force and induced i 2 χ 2 (k, r) coming from the FSC of the strong tensor correlation [1] , and other contributions to p mentioned above can be recognized from the channel potentials depicted in Figs. 8(a) and 9(a). Another noticeable point is that the summed decay rate of PV channels, i.e. "( 3 S 1 ) N → ( 1 P 1 ) NN plus ( 3 S 1 ) N → ( 3 P 1 ) NN ," amounts to 0.243 , which is as large as 65% of the total decay rate nm = 0.371 for the non-mesonic weak decay of 5 He. Table 8 shows the calculated decay rates and asymmetry parameter of 12 C(1 − ) for four stages of different combinations of the meson exchanges. As in the case of 5 He decay, the stage III and IV calculations of nm and n / p and the asymmetry parameter α for 12 C lead to almost the same results, as shown in the fourth and fifth lines, respectively, of Table 8 . Calculated decay rates, nm , n / p , and asymmetry parameter α of 12 C(1 − ) for the four stages of the weak decay potentials are compared with the experimental data. The configuration-mixed nuclear SM + hyperon wave function is adopted. The decay rates are given in units of the free decay rate . The data marked with a * are the weighted average for 12 Exp. [61, 62] 0.68 ± 0.13** 0.51 ± 0.14 Exp. [14] 0.77 ± 0.15** 0.58 ± 0.27 Chumillas et al. [23] 0.722 0.366 −0.207 Table 9 . Channel contributions to p ( p → np) and n ( n → nn) for 12 C(1 − ) estimated in stage IV, i.e. V (SUM). The configuration-mixed SM + hyperon wave function is adopted. The decay rates are given in units of the free decay rate . + 2π/σ + Kπ/κ + 2π/P + ρπ/a 1 + σ π/a 1 + K * π/K 1 " exchanges can explain the experimental data of 12 C well within the error bars.
In Table 9 the separate channel contributions to p ( p → np) and n ( n → nn) are shown. It can again be seen in Table 9 that Ch.3 ( 3 S 1 → 3 S 1 ), Ch.5 ( 3 S 1 → 1 P 1 ), and Ch.6 ( 3 S 1 → 3 P 1 ) contribute dominantly to p , while Ch.6 ( 3 S 1 → 3 P 1 ) contributes to n to a large extent. The summed decay rate of PV channels, i.e. "( 3 S 1 ) N → ( 1 P 1 ) NN plus ( 3 S 1 ) N → ( 3 P 1 ) NN ," amounts to as much as 63% of the total decay rate nm = 0.825 for the non-mesonic weak decay of 12 C. It is interesting to note that in Table 3 the p-shell hypernuclei with odd Z such as Li, B, and N isotopes are calculated to have a large asymmetry parameter α for the angular distribution of emitted protons due to the decay kinematics.
Calculated lifetimes up to heavy hypernuclei
The hypernuclear lifetimes can be estimated from the weak decay rates of π and nm by the relation τ = /( π + nm ). The evaluated lifetimes are compared with the available experimental data [15] [16] [17] [18] 34, 50, 51, 56, [65] [66] [67] [68] [69] [70] [71] in Table 10 and Fig. 10 . The mesonic decay rates π are taken from our works, Refs. [63, 64] . Some values marked by an asterisk ( * ) in Table 10 are substituted values from calculations for other hypernuclei or other spin states. That is, we substitute the numbers of 16 56 Fe, 89 Y, 139 La, and 209 Bi, respectively. One sees in Table 10 and in Fig. 10 that the calculated lifetimes explain the general trend of experimental data fairly well, and give the saturated value at the medium-to-heavy mass systems; however, the evaluated τ are somewhat overestimated to larger values compared to the data for light s-and p-shell hypernuclei. The overshooting of the evaluated lifetimes of the light hypernuclei could be due to the fact that our non-mesonic decay rates nm are calculated exclusively as one-nucleon induced ones as nm = p ( p → np) + n ( n → nn), and do not include contributions from the two-nucleon induced decay rate 2N , which is known to exist.
Additional comments on the roles of two-meson exchanges
We note that the strong baryon-baryon-meson (BBM) coupling constants are taken from the ESC08c model, and how to determine the MMM coupling constants was already described in Sect. 4.2. On the other hand, we treat the pi-pi-pomeron coupling constant g ππP as an adjustable parameter in order to reproduce the α value observed for 5 He, because we found that the calculated asymmetry parameter α depends sensitively on the g ππP value and also because the experimental errors for α ( 5 He) are small enough to give a good restriction [48, 49] (cf. in Table 11 , where the calculated weak NM decay observables of 5 He and 12 C are compared for the three choices of g ππP . Here one sees that the decay rates nm and n / p do not change much, while the asymmetry parameter α varies noticeably within the chosen range of g ππP . Thus we have adopted the optimum value g ππP = −4280.0 MeV so as to be consistent with the experimental data of α . For the experimental values one may refer to Tables 5 and 8 , respectively. We also remark that the optimum g ππP value is correlated mostly with the g ππσ one, which has been fixed in previous works [10, 26] . It is interesting to compare the present results with those of the Chumillas et al. model [23] in which the meson exchanges are expressed symbolically by OME(ps+vec) + 2π/σ + 2π . In the present case the coverage of the meson exchanges to be compared are shown by stages III and IV of Eq. (45) . Both models take account of the common exchange effects of the SU(3) octet of pseudoscalar and vector mesons, although the treatments are certainly different from each other. As the OME model cannot explain the small α observed in 5 He and 12 C, Chumillas et al. [23] introduced the correlated and uncorrelated 2π exchange effects, achieving satisfactory results. In the present case, because the net effect of axial-vector meson exchanges (a 1 and K 1 ) in stage IV is small, as discussed previously, the main part of our model is maintained by stage III, which consists of (ps+vec) + 2π/σ +Kπ/κ+2π/P. Thus we know that the sum of the three potential parts V 2π/σ + V Kπ/κ + V 2π/P would possibly have similar roles to the V 2π/σ + V uncorrel even in the scalar meson sector, like the treatment in the pseudoscalar, vector, and axial-vector meson sectors.
Summary and conclusions
In order to construct the weak N → NN two-body potentials for hypernuclear non-mesonic weak decay (NMWD), the previous framework of a potential model has been systematically extended to include various correlated two-meson exchanges. Exchanges of pseudoscalar, vector, scalar, and axial-vector mesons and also the pomeron have been taken into account, so that both non-strange and strange meson members have been considered equally and symmetrically to form as completely in quantum number J PC as possible. The present framework is based on the newest attainment for the strong coupling constants for the baryon-baryon-meson vertices of the Nijmegen ESC08c model (2016 version) by replacing it partly with a possible weak interaction vertex.
First we obtained the overall explanation and satisfactory agreement with the experimental weak non-mesonic decay observables such as the decay rates nm , the ratios n / p , the asymmetry parameters α , and the hypernuclear lifetimes τ for the light to medium-to-heavy mass systems. The theoretical estimates are presented in tables in comparison with the experimental values. The partial decay rates p ( p → np) and n ( n → nn) were studied by divided channel contributions, assuming that the decays occur from the initial N in a relative S-state. It is notable that the theoretical asymmetry parameter α is sensitive to the g ππP coupling constant, although the estimates of the total decay rates nm and the ratios n / p are rather stable. We also note that the one-nucleon induced NMWD proceeds with a large weight through the parity-violating "( 3 S 1 ) N → ( 1 P 1 ) NN plus ( 3 S 1 ) N → ( 3 P 1 ) NN " channels.
Second, we have clarified the interesting roles and properties of weak decay two-body transition potentials underlying the theory-experiment comparison. It is remarkable to find that the decay potentials based on the non-strange meson (π , ρ, σ , a 1 ) exchanges and those based on the strange meson (K, K * , κ, K 1 ) exchanges show characteristic and intriguing behaviors depending on the decay channels. The roles of various meson exchanges are clarified and summarized as follows:
(1) The potentials due to the (π, ρ, a 1 ) exchanges have signs opposite to and tend to cancel the potentials due to the corresponding (same J PC ) (K, K * , K 1 ) exchanges in the PC central 1 S 0 → 1 S 0 and 3 S 1 → 3 S 1 channels and in the tensor 3 S 1 → 3 D 1 channel. The two potentials of the σ exchange and the κ exchange have the opposite sign in the 1 S 0 → 1 S 0 channel but the same sign in the 3 S 1 → 3 S 1 one owing to the isospin dependence of the κ-exchange potential in the final NN state. (2) In the PV 3 S 1 → 1 P 1 channel the potentials of all meson exchanges regardless of the strangeness work additively in the positive sign, and in the PV 3 S 1 → 3 P 1 channel the potentials of the (π , σ ) exchanges and those of the (K, κ) exchanges work together in the negative sign. (3) The pomeron exchange potential has a role to reduce the strength of the scalar-isoscalar σ exchange potential, which is necessary to solve the magnitude and sign problem of the decay asymmetries of the emitted protons from the polarized hypernuclei.
Third, we emphasize the following potential properties obtained as a consequence of the corresponding meson exchanges mentioned above. The total central potential in the ( 1 S 0 ) N → ( 1 S 0 ) NN channel becomes strong and negative. On the other hand, the potential in the ( 3 S 1 ) p → ( 3 S 1 ) np channel becomes weak and positive, and the total tensor potential in the ( 3 S 1 ) p → ( 3 D 1 ) np channel 28/32 PTEP 2018, 113D01 K. Itonaga et al. becomes positive and weaker in comparison with the one-pion exchange potential. The parityviolating potentials are totally strong in the ( 3 S 1 ) p → ( 1 P 1 ) np and ( 3 S 1 ) N → ( 3 P 1 ) NN channels. These potential characteristics coming from exchanges of mesons and pomeron are newly recognized in this paper. We note that these potential properties constitute the reason why the present extended meson exchange model can explain the experimental decay observables satisfactorily.
As an additional remark, we found that the major part of the present model can be approximated by the potentials due to the limited exchanges of pseudoscalar, vector, and scalar mesons plus pomeron exchange. This is owing to the fact that the axial-vector meson exchange potentials have only a minor effect on the NMWD because of the mutual cancellations among those for the a 1 and K 1 exchanges. This recognition of the role of the axial-vector meson exchange has been altered from our previous works [10, 26] , in which the a 1 meson has been solely considered as the axial-vector meson.
Further refinement of the model is needed, especially for the treatment of the short-range part of the initial N state, and also the final outgoing NN state. The two-nucleon induced decay rates 2N are still an open problem to be studied.
In order to compare the strong meson decay couplings with the literature, e.g. Ref. [72] , we define the alternative dimensionless couplings by the Lagrangians L ππσ = + 1 2 g ππσ m π φ σ (ϕ π · ϕ π ) + h.c., (B.2a) L ππρ = −g ππρ φ μ ρ · (ϕ π × ← → ∂ μ ϕ π ) + h.c., (B.2b) L ρπa 1 = −g ρπa 1 M φ μ a 1 · (ϕ π × φ ρ,μ ) + h.c., (B.2c) L σ πa 1 = −g σ π a 1 φ μ a 1 · (ϕ π ← → ∂ μ φ σ ) + h.c., (B.2d) 
